Introduction
The plant physiologist recognizes more and more the importance of the application of physics and physical chemistry to fundamental plant problems, realizing that a mastery of botany, physics, chemistry, and mathematics will aid in the understanding of the living cell.
Conductivity measurements have been widely used in the study of plant problems in recent years (7, 8, 12, 14, 15, 17, 25, 27, 28, 32) . A critical examination of these articles indicates the desirability of reviewing the basic principles of conductivity measurements and of pointing out the various factors that influence the conductivity value of plant sap. This paper will discuss the application and limitation of the measurement of electrical conductivity of plant saps, with particular reference to cold-hardened and unhardened plant tissues.
Experimental determination of conductivity The conductivity of an electrolyte is measured in terms of the resistance of the solution between two electrodes, and it is the reciprocal of the resistaniee. The resistance may be measured by the alternating current Wheatstone bridge method as employed by Kohlrausch or by modification of this method. For the theory of bridge measurements the reader is referred to standard textbooks of physics and physical chemistry.
The essential features of an apparatus for measuring the resistance of an electrolyte by the Kohlrausch method are indicated in figure 1. In this diagram C is the electrolytic cell, R is a variable resistance, X is the condenser, E is a source of alternating current, T is the current detector, a and b the ends of the bridge, and d the movable contact. R1 is a resistance coil (the resistance of each coil is usually 41 times that of the wire, making the latter 0.1 of the total resistance of the ratio arms) and K is a switch to short circuit the coil Ri. Kohlrausch 's classical method has had the benefit of numerous improvements in recent years. The researches of WASHBURN (38, 40, 41) have been 1 Measurements of electrical conductivity have many applications in physiological investigations. The importance of knowing the underlying principles involved in such measurements as well as the limitations of application to plant physiological problems cannot be overemphasized. In this report prepared by Dr. GLENN A. GREATHOUSE for the Physical Methods Committee measurements of conductivity and their applications are discussed. This report, together with its bibliography, should be helpful to those working in this field of research.-Ear! S. Johnston, Chairman. particularly valuable in stimulating accurate work in conductivity measurements. Of particular importance from the standpoint of precision measurements has been the introduction of vacuum tube alternating current generators and amplifiers for providing currents of symmetrical wave form, on the one hand, and increasing the sensitivity of the detector on the other (11, 19, 20) . JONES and JOSEPHS (20) have described in a detailed paper a direct reading alternating current bridge embodying these new features. Their paper also includes a valuable and comprehensive study of various sources of error from the electrical standpoint in the Kohlrausch method as it has been generally used. STONE (35) has likewise described a vacuum tube potentiometer for the measurements of the conductivity of solutions. The circuit employs two thermionic tubes, the plate currents of which are visually balanced by a very sensitive null-point galvanometer through the adjustment of grid potentials derived from small batteries, and the superimposed alternating current used in the measurement.
For wiring diagrams of modifications and improvements over the classical Kohlrausch method the reader is referred to articles by HALL and ADAMS (11) , SHEDLOVSKY (33) , and STONE (35) .
Factors affecting accuracy of conductivity measurements In measuring the conductivity of solutions it is desirable to use a low voltage in the bridge. This may mean a modification of the oscillator to give low and controllable voltages. The use of low voltages in the bridge diminishes its sensitiveness, and, as a result, the amplification must be improved. The principles of design of a transformer for a vacuum tube amplifier are described by JONES and BOLLINGER (19) and STONE (35) .
The resistances used must be as free as possible from the effects of inductance and capacitance at the frequency of the current in the bridge circuit; also, attention must be given to protecting the bridge against external influence caused by capacitance and inductance. JONES and BOLLINGER (19) state that the mutual inductance between the oscillator and the detector, and between the oscillator and the bridge, may cause an error in the measurement of the conductivity of solutions when low voltages are being used. They give means for the discovery and elimination of this error.
For precision work, the electrostatic screening of the bridge is essential. An unscreened bridge is affected by the movements of the observer. Without adequate shielding, delicate balances are difficult to obtain because of shifting capacities introduced by the hand of the operator, etc. Also, only with proper screening are measurements of high precision possible under conditions existing in modern laboratories in which other electrical work may be in progress.
The experimenter must determine the desired accuracy needed in the oscillator, the current detector, etc. References on these points can be found in papers by SHEDLOVSKY (33) and WASHBURN and PARKER (41).
Balancing of the circuit depends upon instantaneous equality of potential at the terminals. This condition cannot be established if the currents in the two parts of the bridge are out of phase. If the conductivity of the electrolyte is high the current flowing in the cell may be out of phase with that of the resistance on account of the electrostatic capacitance of the conductivity cell. Such a condition prevents perfect balancing of the system. In precise measurements an adjustable condenser is connected across the terminals of the balancing resistance to annul the capacity of the cell.
The use of properly constructed conductivity cells and platinized electrodes is essential. The use of cells of high cell constant (length divided by cross section) is recommended so that the resistance to be measured will be high (10, In most cases the platinum electrodes should be coated with platinum black, which increases the surface area and aids in reducing the surface density of ions deposited, to which the E. M. F. of polarization is proportional. The platinum electrodes must be thoroughly cleaned before being coated with platinum black. This may be done by pouring enough concentrated HCl into the cell to cover the electrodes. The electrodes are connected with a current of 1.5 to 6 volts through a reversing switch and then electrolyzed by reversing the current every 30 seconds until all of the old platinum black is stripped off. The hydrochloric acid is then poured out and the cell rinsed. Now the electrodes are covered with platinizing solution and electrolyzed with 30-second reversals for 10 minutes or more. A resistance is often inserted in the system so that a gentle evolution of gas occurs, and a fine deep It is necessary to have a balance between the resistance of the lead wires to the conductivity cell and that of the wire connecting the resistance box with the bridge. Otherwise the lead resistance must be determined by measuring the resistance of the cell when filled with mercury and this resistance subtracted from the measured resistances.
Alternating current of high frequency is necessary to prevent the polarization of the electrodes which occurs when direct current is used (36, 38 Since the resistance of an electrolyte is affected appreciably by temperature, the conductivity cell must be immersed in a bath, the temperature of which is kept constant and measured accurately. Water may be used as a bath liquid, but in some cases in which the conductivity of the electrolyte is low, an oil bath is preferable. A temperature difference of 10 C. changes the value of the conductivity of the solution about 2 per cent. In order to obtain an accuracy to 0.1 per cent., temperature control of 0.05°is necessary.
Good insulation between the various parts of the apparatus is essential. (12) have suggested the use of the ratio , as of value in indicating changes in the ratio of electrolytes to non-electrolytes in plant saps. PASCOE (30) found that the depression of the freezing point in the mixture of MgCl2 and MgSO4 is a linear function of the mixture, whereas the conductivity curves is not a linear function in mixed solutions. PASCOE's results, as well as the writer's (7, 8), indicate that the conclusion of DEXTER and the use of a ratio by HARRIS, GORTNER, and LAWRENCE are unwarranted.
Factors that may affect the conductivity of plant saps are: (1) hydration of colloids and crystalloids (frequently recorded as "bound water" or "unfreezable water"); (2) viscosity; (3) adsorption of ions by colloids (colloids differ in their ability to adsorb certain ions (16); (4) nonelectrolytes; (5) change in the dielectric constant of the system, as a result of the action of colloids, organic acids, etc.; (6) surface conductance of colloids; (7) concentration and solubility of the crystalloids; (8) temperature; and (9) size of molecule of crystalloids.
WIEDEMANN (42) was the first to point out a connection between conductivity and viscosity. From In the interpretation of the data of table I it is essential to keep in mind that the carbohydrate, nitrogen, total water, and unfreezable water analyses were made on the whole tissue, while the conductivity, viscosity, and pH determinations were made on the plant sap. The data of table I show that with each plant type the conductivity varied inversely with the relative viscosity, the unfreezable water, and the total sugar content. These data show that the total water content is positively correlated with the conductivity, while the unfreezable water and nonprotein nitrogen values are negatively correlated with conductivity. No consistent relationship between protein nitrogen and conductivity was found. It has been previously pointed out that there was no consistent relationship between total water content of roots and shoots and the hydration measurements (9). Neither was the protein nor the nonprotein nitrogen found to influence markedly the hydration capacity of the tissues.
KRUYT (24) states that investigations made in his laboratory have forced him to assume that hydration, which is without doubt closely connected with the orientation of the water dipoles, must be understood as meaning that the dipoles which are situated in the neighborhood of a particle are in complete orientation and that those somewhat more remote are less perfectly orientated. If this is the case, the degree of hydration would greatly influence the solubility of the salts present, and the tissue with the greater degree of hydration would have the lower conductivity.
It is difficult to distinguish cause from effect in conductivity measurements of plant sap. Nevertheless, with a critical examination and application of both physical and chemical methods of analysis to plant tissues the relation between cause and effect of conductivity of plant saps should become clearer.
The same basic factors may be responsible for lower conductivity in cold-hardened tissue and in tissue of different age and position on the same plant (table I) . Other investigators, when studying the gradients in plants, have noted a lower conductivity with younger tissue. This shows how difficult it is to interpret conductivity measurements even within the same plant. From the data in tables I and II and from those of other investigators, evidence points to the possibility that ions bound to the colloidal phase could offer considerable protection to loss of water from plant tissues.
In order to determine whether this lower conductivity was due to lower ion or salt content, sap was expressed from plant tissues, the conductivity determined, and 50 It can be noted from table III that the conductivity of the plant sap decreases on the addition of sucrose in small amount, probably because of decrease in ionization and the mobility of ions as a result of change in viscosity. With further addition of sucrose the conductivity increased, possibly because of hydration and concentration effects on the nonelectrolytes.
The addition of other sugars, such as glucose and fructose, to plant saps gave results similar to those of the experiments with sucrose differing, however, in the concentration needed to produce a decrease in conductivity. The results in table III were corrected for the conductivity of the sugar solutions.
The conductivity and the freezing point depression of solutions of sucrose in distilled water were determined in order to note the influence of different concentrations. These results are presented graphically in figure 2. The conductivities shown by these sugar solutions are probably caused, not only by small quantities of impurities present, but also by a slight ionization of the sugar molecule itself, since other workers have shown that sucrose is to be regarded as an extremely weak acid. The decrease in conductivity after the solution has reached a concentration of 0.8 N is probably the result of a decrease of ionization and mobility of the ions.
The depression of the freezing point curve for sucrose deviates progressively from a straight line in a manner indicative of a greater apparent degree of hydration of the sucrose molecule at higher concentrations. In other words, the sucrose does not attract the (HOHn) molecules to an extent always equivalent to the formation of a hexahydrate, as suggested by SCATCHARD (31), but increases in its apparent degree of hydration with decrease in the relative activity of the water in the solution. This may have some bearing on the conductivity values of plant saps.
As it was thought possible that inversion of the sucrose might be brought about by the presence of materials in the plant sap, with a consequent small alteration of the viscosity, a solution was kept for an hour and examined by polariscope and reduction, but little inversion could be detected, and the effect of such a source of error may be dismissed as negligible.
There are a number of other possible factors that might be responsible for deviations in conductivities of plant saps. MARINESCO (26) There is always the possibility that a certain portion of the conductivity in plant saps is caused by the surface conductance of colloids. BRIGGS (2) found that the electrical conductivity of a colloid gel was not necessarily related to the presence or the concentration of ionized electrolytes. He noted that a membrane of pure cellulose immersed in conductivity water conducted a current, and he was able to demonstrate that the conductivity was not due to inorganic constituents present in the system. In a more recent paper, BRIGGS has demonstrated that there is a definite lyotropic series of ions which influence surface conductance. As a result of these investigations there is indication that the conductivity of plant saps is in part associated with surface conductance through the lyophilic colloidal gel structure, as well as with ionic conductance of the solvent.
Application of conductivity measurements Pure water is essential for most laboratory work and it is necessary to know from time to time the conductivity of the distilled water used as a solvent. These data can be obtained quickly and accurately by means of the conductivity apparatus. Distilled water for general laboratory purposes should not have a conductivity greater than from 1.5 to 2 x 1O6 and for work of greater precision water of conductivity 1 x 10-6 or better should be obtained. In precision conductivity measurements there is a water correction. This correction has been discussed by WASHBURN (39) and by KENDALL (21, 22) .
The principle of increased permeability and electrical conductivity of injured tissue is a familiar one to the plant physiologist. The application of this method to different plant problems can be found in papers by HEALD (14) , HIBBARD and MILLER (15) , HOAGLAND and DAVIS (17) , HOTTES (18) , MERRILL (27) , and OSTERHOUT (28).
The diffusion of electrolytes from tissue exposed to low temperature in distilled water has been determined electrometrically by DEXTER and asso-ciates (4). The magnitude of the electrical conductivity has been associated with the known hardiness of the tissue. GREATHOUSE and STUART (7, 8) have applied conductivity measurements of plant sap to the problem of cold hardiness. According to the work of DEXTER, and of GREATHOUSE and STUART, the degree of cold hardiness of plants is related to the ions that move by diffusion from the tissue or to the ions free in the plant sap. This measurement, however, does not give the true ionic relationship in these tissues (tables II, III).
The production of CO2 in respiration has been measured electrometrically (13, 34) . Conductivity measurements are very useful in determining when the substrata are free of their ions after electrodialysis of plant materials.
The physical chemist has used this measurement for the determination of (a) the solubility of difficultly soluble salts; (b) the basicity of organic acids; (c) the degree of hydrolysis; (d) the end-points in titration reactions; and (e) the dissociation of water and other solutions.
Precautions in electrical conductivity measurements If the proper apparatus is assembled, connected, and adjusted correctly it is possible to make conductivity measurements with the great degree of precision which is necessary in all research laboratories in plant physiology. The application of this measurement to some of our plant problems has proved of great importance. The method has practical value even though its results cannot be interpreted in terms of ion concentration and behavior. If the true ion concentration and behavior are required, it will be necessary to determine these properties through additional experimentation.
It is obvious that anyone who is to make conductivity measurements should know the basic principles of the apparatus as well as those of the ionic relationships of solutions. One should know how to design and platinize electrolytic cells for solutions of low or high conductivities. Other factors of equal importance have been previously mentioned in this paper.
Errors in the conductivity measurements must be guarded against if it is to be a useful tool to plant science. Errors produced by polarization at the electrodes, changes in temperature, etc., on conductance are or should be common knowledge. It is the less obvious errors that are frequently ignored.
Electrical units and laws pertaining to conductivity Ohm, in the well known law (E = RIk), summarized the relation between resistance, current, and pressure, where R is the resistance, E the electric pressure, and I the current, while k is a factor depending only on the choice of units and can be made equal to unity.
The unit of electrical resistance is the International Ohm and is defined as the resistance offered to an unvarying current by a column of mercury at the temperature of 00 C., 14.4521 gm. in mass, 106.3 cm. in length, and of constant cross section.
The unit of current is the International Ampere and is defined as the unvarying electric current which when passed through a solution of silver nitrate in water, in accordance with specified conditions, deposits silver at the rate of 0.001118 gm. per second.
The unit of electric pressure is the International Volt and is defined by Ohm's law as the electric pressure which, when steadily applied to a conductor the resistance of which is one International Ohm, will produce a current of one International Ampere.
Both the ampere and the volt are based upon the fundamental law of Faraday, which shows the relation between the current and the amount of chemical reaction that takes place when a current passes from a metallic conductor to an electrolytic conductor. Faraday's law is divided into two parts and may be expressed by the following relationships: (1) the amount of any substance deposited by the current is proportional to the quantity of electricity flowing through the electrolyte, (2) the amounts of different substances deposited by the same quantity of electricity are proportional to their chemical equivalent weights.
The specific resistance, or resistivity, of an electrolyte may be defined as the resistance in ohms of a centimeter cube of solution. Specific conductance, or conductivity, is the reciprocal of specific resistance.
The molar conductance is the conductivity, in reciprocal ohms, of a solution containing one mol of solute when placed between sufficiently large electrodes which are exactly 1 cm. apart. The equivalent conductance may be defined in the same terms as molar conductance, if one gram-equivalent of solute is substituted for one mol of solute.
It is obvious that the construction of an electrolytic cell with electrodes suspended exactly 1 cm. apart and each electrode having 1 sq. cm. of area, would be difficult. To avoid this difficulty a correction is made and is incorporated in the value known as the cell constant.
The cell constant, C, is defined by the equation k = C/R in which k is the specific conductance of a solution and R the resistance of the cell containing that solution. The cell constant may be calculated from a measurement of R by the usual procedure when a solution (usually 0.1 or 0.01 N KCl) of known k is in the cell.
Summary and conclusions 1. The basic principles, the apparatus, and the precautions needed in determining the specific conductance of solutions are discussed.
